Eph and its homologues form the largest subfamily of receptor tyrosine kinases. Normal expression patterns of this subfamily indicate roles in differentiation and development, whereas The receptor tyrosine kinases (RTKs) are transmembrane molecules which transduce signals from the extracellular environment into the cytoplasm. They include well-studied regulators of cell proliferation and differentiation, such as c-Kit and the receptors for epidermal growth factor, platelet-derived growth factor, and macrophage colony-stimulating factor (1). Signaling by an RTK is initiated when its ligand binds to the extracellular domain of the receptor. This leads to the formation of receptor dimers, which activate their catalytic domains by reciprocal phosphorylation on tyrosine residues (2). Once activated, RTKs can bind and phosphorylate specific intracellular proteins that act as second messengers.
The receptor tyrosine kinases (RTKs) are transmembrane molecules which transduce signals from the extracellular environment into the cytoplasm. They include well-studied regulators of cell proliferation and differentiation, such as c-Kit and the receptors for epidermal growth factor, platelet-derived growth factor, and macrophage colony-stimulating factor (1) . Signaling by an RTK is initiated when its ligand binds to the extracellular domain of the receptor. This leads to the formation of receptor dimers, which activate their catalytic domains by reciprocal phosphorylation on tyrosine residues (2) . Once activated, RTKs can bind and phosphorylate specific intracellular proteins that act as second messengers.
Eph was the first isolated member of what is currently the largest subfamily of RTKs (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . This group is distinguished by a cysteine-rich region and two fibronectin type III repeats in the extracellular domain (4) . Eph-subfamily kinases have been found in diverse species, including zebrafish (17) , frogs (19) , chickens (4, 8, 12) , mice (8, 11, (14) (15) (16) 20) , rats (5, 7) , and humans (3, 6, 10, 13, 18) . Features of their expression pattern suggest key functions during embryonic development. First, strong expression in the embryo is characteristic (4, 8, 11, 12, 15, 21) . Second, in situ hybridization and immunolocalization studies show associations between the expression of specific Eph-subfamily molecules and particular events in morphogenesis. For example, Eck is transiently expressed in cells adjacent to the primitive streak during gastrulation, and later its transcripts are found in specific rhombomeres of the developing
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hindbrain and in the ectoderm of the second and third branchial arches (22) . The expression of Nuk protein on growing peripheral nervous system axons, which disappears when the axons have ceased migrating, and the segmentrestricted pattern of Nuk and Sek expression during hindbrain morphogenesis are other examples (11, 15) . Preferential expression at interfaces between embryonic cell populations and in intercellular junctions has led to the suggestion that Ephsubfamily molecules influence embryonic differentiation and cellular migration by interactions involving direct cell-cell contact (15, 22) . The recent finding that ligands for some members of this group are cell membrane bound supports this notion (23) (24) (25) (26) . Eph-related molecules also have a potential role in oncogenesis. Eph and Eck overexpression was reported in epithelial tumor cell lines and some human carcinomas (3, 27) , and Hek overexpression occurs sporadically in leukemia (9) . Furthermore, artificial overexpression of Eph transforms NIH 3T3 cells, allowing them to form colonies in agar and produce tumors in nude mice (28) . In transgenic models of murine mammary cancer, overexpression of the Eph-subfamily members Myk-1 and Myk-2 correlates with the development of poorly differentiated and invasive tumors, suggesting a role in tumor progression (20) .
In this study, reverse transcriptase-mediated PCR (RT-PCR) was used to identify Eph-subfamily RTKs expressed by embryonic stem (ES) cells. These are undifferentiated, totipotent cells derived from the inner cell mass of the blastocyst (29) . We speculated that Eph-related molecules expressed by ES cells may be involved in the initial differentiation and organization of embryonic tissues, thus helping to establish the blueprint for later development. Nine positive clones were isolated by this method, including one which encoded sequence from a novel molecule.t We also cultured ES cells under conditions which induced in vitro differentiation into embryoid bodies containing a variety of primitive tissue lineages (30 tured into gelatin-coated flasks, and four passages without a feeder layer were performed to deplete the embryonic fibroblasts. In some of the cultures, LIF was withdrawn 11 days prior to harvesting, to allow differentiation into embryoid bodies to take place (30) . Control cultures of embryonic fibroblasts alone were also prepared.
RT-PCR. Prior to RNA extraction, cultures of undifferentiated ES cells were disrupted with trypsin and the cells were washed in phosphate-buffered saline. Cell pellets were resuspended in buffer containing guanidinium isothiocyanate and total RNA was extracted with the use of organic solvents (31) . cDNA was then synthesized from 1 gg of total RNA by use of an oligo(dT) primer and avian myeloblastosis virus reverse transcriptase (Promega). PCR amplifications were performed with degenerate primers derived from three regions of sequence which are relatively conserved in the Eph subfamily (13) (Fig. 1 Cloning and Sequencing. Reamplified, gel-purified PCR fragments were cloned into the Sma I site of pUC18 with the SureClone ligation kit (Pharmacia). Recombinant clones were sequenced with the Taq DyeDeoxy Terminator Cycle sequencing kit (Applied Biosystems); a Perkin-Elmer GeneAmp PCR System 2400 was used to perform the sequencing reactions and an Applied Biosystems 373 DNA sequencer was used for their subsequent analysis. Sequences were compared against se-
Position of the four degenerate oligonucleotide primers used for RT-PCR. Relatively conserved peptide motifs on which the primers were based are shown above a schematic representation of the basic domain structure of Eph-subfamily molecules. ECD, extracellular domain; ICD, intracellular domain. The particular amino acid sequences shown are from Eph. Two sense primers (P1 and P2) and two antisense primers (P3 and P4) were synthesized. Their sequences were as follows: Fig. 2 . Its shortfall of about 500 bp from the expected length of 2.1 kb is due to a 5'-end deletion, which presumably occurred during cloning. The deduced amino acid sequence of Esk was obtained by using an open reading frame spanning the entire cDNA fragment. This encoded a sequence of 533 amino acids (Fig. 2) . Fig. 3 . Included in the Esk sequence is a group of hydrophobic residues (amino acids 269-289) which form a putative transmembrane domain, dividing the molecule into extracellular and intracellular portions. Two fibronectin type III repeats are arranged in series in the C-terminal part of the extracellular domain. Similar repeats are found in all other Eph subfamily molecules (4, 10, 18) . Also highly conserved in this group is a cysteine-rich box (6, 18) in the N-terminal region. All of the expected cysteine residues were encoded by the 35C15 sequence, except for the anticipated cysteine at position 104, which was replaced by an arginine. Since 35C15 was cloned after a total of 60 cycles of amplification using Taq polymerase, Proc. Natl. Acad. Sci. USA 93 (1996) 147 a small number of base misincorporations would be expected. (32) . This includes the presumed ATP-binding-site motif Gly-Xaa-Gly-Xaa-Xaa-Gly at residues 352-357 and a lysine at position 377, thought to be involved in the phosphotransfer reaction and highly conserved among protein-tyrosine kinases (32) . However, the partial cDNA sequence ends before a complete catalytic domain is encoded. Esk also displays the motifs Asp-Leu-Ala-Ala-Arg-Asn (positions 470-475) and Pro-Ile-Arg-Trp-Thr-Ala-Pro (positions 510-516), which indicate substrate specificity for tyrosine (32) . However, the latter sequence is followed by a conserved glutamate in other protein-tyrosine kinases, while in Esk this residue is a glycine. This could indicate another PCR artifact. Finally, the tyrosine residue at position 502 is a potential autophosphorylation site.
Esk Expression. Northern analysis revealed expression of a 4.2-kb Esk transcript in day 12 mouse embryo and adult mouse thymus, liver, kidney, lung, and placenta (Fig. 4) . Faint bands at -6.0 kb observed in the liver, kidney, and lung samples may be due to alternatively spliced transcripts, although weak 20 
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370 380 hybridization to related molecules cannot be excluded. No signal was detected from lymph node, spleen, heart, brain, or skeletal muscle.
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Comparative Expression of Esk, Mek4, and Eck in ES Cells and Embryoid Bodies. To determine whether expression of Eph-subfamily molecules occurred in ES cells at a significant level and to investigate potential changes in expression as ES cells differentiated in vitro, a Northern blot containing ES cell and embryoid body RNA was sequentially hybridized to Esk, Mek4, and Eck probes. Embryonic fibroblast RNA was included as a control on this blot, because some fibroblast contamination of the ES cell and embryoid body samples could not be excluded. As shown in While the specific functions of Eph-related RTKs in development require further study, several findings indicate involvement in signaling processes mediated by direct cell-cell contact (15, (23) (24) (25) (26) . Therefore, although stimulation of proteintyrosine kinase activity is the final common pathway of signal transduction, this may be critically linked to the adhesive interactions of these molecules. One possibility is that the extensive family of Eph-related proteins convey positional information between embryonic cells, which regulates their migration and differentiation. Given the oncogenic potential of some Eph-like RTKs (3, 9, 20, 27, 28) , the attainment of correct position within the embryo might be communicated by signals which induce proliferation and/or prevent apoptosis. In this context, it is interesting that Esk, Eck, and Mek4 were all present in embryonic fibroblasts. Expressing multiple Ephrelated molecules may permit fibroblasts to migrate into all developing tissues.
The normal functions of Eph-related proteins in adult tissues remain unclear but may be an extension of their functions in development. For example, thymocyte maturation requires direct cell-cell interactions and a specific migration pathway within the thymus (33) . Eph-subfamily molecules expressed in thymus, such as Esk, are possible mediators of some of these interactions. In this context, it is interesting that Esk transcripts were not observed in lymph node and spleen, suggesting expression by thymus-specific populations such as CD4+CD8+ T-cell progenitors or thymic epithelial cells. Studies of the ligands of Eph-related RTKs, and potentially the outcome of gene targeting experiments, will be required to better define the biological function of these molecules.
